surgeon's expert competency should include an appreciation of anatomical variations, particularly with respect to common surgical procedures. One such procedure where this is relevant to plastic surgeons is the carpal tunnel release. The carpal tunnel has been recognized as a site where multiple anatomical variations can occur. These variations can involve neural, vascular, tendinous and muscular structures. If these are unrecognized, there is a risk of iatrogenic injury to the involved structures leading to unfavourable surgical outcomes. The purpose of the present review is to highlight recognized anatomical variations within the carpal tunnel and, hopefully, to help practitioners perform safe surgery.
The Carpal Tunnel
The carpal tunnel is defined as the space deep to the transverse carpal ligament. The transverse carpal ligament extends ulnarly from the hook of hamate and the triquetrum to the scaphoid and the trapezium radially. The carpal tunnel is bordered posteriorly by the carpal bones. Within the carpal tunnel lie the median nerve and nine flexor tendons: the flexor digitorum profundus (FDP) and flexor digitorum superficialis (FDS) tendons to the index, middle, ring and small fingers, as well as the flexor pollicis longus (FPL) tendon. A review of the literature identified variations in the structure within and around the carpal tunnel (Table 1) .
VariaTion in nerVe anaTomy high bifurcation of the median nerve
In most subjects, the median nerve courses through the carpal tunnel as a single nerve, dividing to form the digital nerves distal to the transverse carpal ligament. Bifurcation of the median nerve proximal to the transverse carpal ligament is a relatively common anatomical variation present in 1% to 3.3% of individuals undergoing carpal tunnel release surgery ( Figure 1 ) (1) (2) (3) . High bifurcation of the median nerve can be an isolated finding (7) or it can be associated with a persistent median artery (4) or an accessory muscle belly of the long finger flexor superficialis (1, 5, 6) . A case of a bifid median nerve wherein the radial-sided branch was located in its own compartment within the carpal tunnel has been identified by the senior author (AT) (Figure 2 ). To our knowledge, this is the first report of this variation. This additional compartment was also released with satisfactory outcome. There are many anatomical variations in and around the carpal tunnel that affect the nerves, tendons and arteries in this area. Awareness of these variations is important both during the clinical examination and during carpal tunnel release. The purpose of the present review is to highlight recognized anatomical variations within the carpal tunnel including variation in nerve anatomy, tendon anatomical variants, vascular anatomical variations and muscle anatomical variations. 
Variations of the motor branch of the median nerve
The median nerve provides motor innervation to the first and second lumbricals, opponens pollicis, abductor pollicis brevis, and the superficial head of the flexor pollicis brevis. Anatomical variations involving the takeoff of the median nerve motor branch (recurrent branch) were first described by Lanz in 1977 (2) . He classified these findings into three groups. The first and most common is an extra-ligamentous takeoff. It occurs in 46% to 90% of subjects and, due to its high prevalence, it is considered normal anatomy. In this case, the motor branch arises from the median nerve distal to the transverse carpal ligament on the radial side ( Figure 3A ). The second most common variation, occurring in approximately one-third of subjects, is a subligamentous takeoff. Here, the motor branch arises within the carpal tunnel ( Figure 3B ). The third variation in the motor branch, occurring in approximately one-quarter of subjects, is a trans-ligamentous takeoff. In this case, the motor branch pierces the transverse carpal ligament on its course toward the thenar musculature ( Figure 3C) . A rare fourth variation has been reported where the motor branch takes off from an ulnar and anterior location, bridging the median nerve as it approaches the thenar musculature ( Figure 3D ) (8) . Finally, the motor branch may have a course superficial to the transverse carpal ligament, a variation found in 9% of patients undergoing carpal tunnel release surgery ( Figure 3E ) (9) . Awareness of these variation can prevent injury to the recurrent motor branch.
Variations of the palmar cutaneous branch of the median nerve
The palmar cutaneous branch of the median nerve arises from the radial border of the median nerve 5 cm to 6 cm proximal to the transverse wrist crease. As the palmar cutaneous branch traverses the wrist, it remains superficial to the transverse carpal ligament, passing between the superficial and deep layers of forearm fascia. It later divides into three terminal branches supplying the dermis. Two variations in the course of the palmar cutaneous branch have been described (1, 10) . In the first, the nerve has a trans-ligamentous course piercing the transverse carpal ligament. In the second variant, the palmar cutaneous branch courses ulnar to the median nerve. These variations are important during carpal tunnel release surgery because injury to the palmar cutaneous nerve or its branches may result in development of a painful neuroma.
Variations of the ulnar nerve
The ulnar nerve courses along the forearm into Guyon's canal, a depression between the pisiform bone and the hook of the hamate, to provide both sensory and motor innervation to the hand. On rare occasions, the ulnar nerve has been found to lie within the carpal tunnel, as described in three case reports of patients undergoing carpal tunnel release surgery (11) (12) (13) . These patients presented with carpal tunnel syndrome associated with symptoms of ulnar nerve compression including intrinsic muscle wasting and paresthesia involving the little finger and the ulnar half of the ring finger.
martin-Gruber and marinacci communications
An anomalous connection, commonly known as a MartinGruber anastomosis, may occur between the median and ulnar nerve in the forearm, resulting in varied patterns of innervation to the intrinsic muscles of the hand (14) (15) (16) (17) (18) (19) (20) . The MartinGruber anastomosis is median to ulnar in nature (21) . It has been reported to affect 6% to 31% of the population (22) . The Marinacci communication, also known as a reverse MartinGruber anastomosis, is a rare condition in which the communicating nerve fibres run from the ulnar nerve to the median nerve. In a case report by Stancic et al (22) , this connection was identified in the distal forearm during release of the carpal tunnel via an extended incision. To date, there have only been four published cases of Marinacci communication (22) (23) (24) (25) .
Tendon anaTomiCal VarianTS linburg-Comstock syndrome
The FPL tendon is typically independent from the FDP and FDS tendons. These muscles, however, are derived from a common mesodermal mass (26) and a tendinous connection can exist between them (Figure 4 ). In 1979, Linburg and Comstock (27) reported a tendinous connection between the FDP tendon of the index finger and the FPL tendon. They examined 194 patients and found this anatomical abnormality to be present unilaterally in 31% and bilaterally in 14%. A cadaver study by the same authors found that the tendinous connection was present unilaterally in 25% of subjects and bilaterally in 6% (28) . Numerous case reports have also presented patients with this variant (29-31). In a case report by Slater (32), an 
VaSCular anaTomiCal VariaTionS persistent median artery
The median artery is an embryological remnant that is present in 1.2% to 23% of the population (33, 34) . It develops from the axillary artery and usually regresses in the second embryonic month. Barfred et al (35) reported nine patients in whom a persistent median artery was noted within the carpal tunnel at the time of carpal tunnel release. Since this report, smaller case series (33) and case reports (36, 37) have been published. A persistent median artery is generally asymptomatic and, in some cases, can contribute significantly to perfusion of the hand (38) . As noted previously, it may be present in association with a bifurcated median nerve. The median artery has been reported to have a superficial course as it approaches the transverse carpal ligament, putting it at risk during carpal tunnel release (37).
Superficial ulnar artery
The ulnar artery is a terminal branch of the brachial artery. It travels along the ulnar side of the forearm under the flexor carpi ulnaris muscle. The ulnar artery may take a superficial course within the forearm, traveling superficial to the muscles but deep to the antibrachial fascia ( Figure 5 ). The prevalence of a superficial ulnar artery has been reported to be between 0.7% to 9.4% (39) . Two such cases of a superficial ulnar artery have been identified in relation to the utilization of the free forearm flap (40, 41) . Surgeons should be mindful when utilizing an extended carpal tunnel incision that reaches proximal to the wrist crease. Such an incision places a superficial ulnar artery at risk of injury
muSCle anaTomiCal VariaTionS palmaris longus
The classical report of Reimann et al (42) is the most comprehensive evaluation of anatomical variants of the palmaris longus muscle and its tendon. This study of 1600 cadaver extremities demonstrated that the palmaris longus is one of the most variable muscles in the human body, with a prevalence of morphological variation in 9% of subjects. Two variations of palmaris longus are of interest in carpal tunnel release. In the first, the palmaris longus tendon travels within the carpal tunnel and inserts distally into the palmar fascia ( Figure 6 ). In the second variation, the muscle belly of the palmaris longus is located in the distal forearm and possibly within the carpal tunnel itself (Figure 7 ).
index lumbrical
The index lumbrical muscle may originate proximally on the FDS within the carpal tunnel. Butler et al (43) presented a case report of this finding causing carpal tunnel compression syndrome (43) . During the carpal tunnel release surgery, a tendinous slip was found adherent to the radial side of the median nerve. Backhouse and Churchill-Davidson (44) have also noted this anatomical variant, but did not comment on its relationship to carpal tunnel syndrome (44) .
FdS indicis
Abnormalities of the FDS muscle have been described (45) (46) (47) (48) (49) . In these reports, an anomalous muscle belly was found to extend into the carpal tunnel along the index finger tendon. In most cases, the patient's symptoms of carpal tunnel syndrome are thought to occur from muscular compression of the median nerve in a pistonlike fashion. The initial presentation of individuals with this anomaly is often swelling around the wrist or palm.
diSCuSSion
There are many anatomical variations in and around the carpal tunnel that affect the nerves, tendons and arteries in this area. Awareness of these variations is important both during the clinical examination and during carpal tunnel release. Preoperatively, the palpation of a pulse in the mid-line of the wrist may represent a persistent median artery or a superficial ulnar artery. The presence of symptoms that do not follow the classical distribution of the median and ulnar nerves in the hand should lead one to consider the presence of a Martin-Gruber anastomosis or Marinacci communication. A mass or lump detected within the transverse carpal ligament should be examined with gliding of the fingers, as it may represent a proximal origin of the index lumbrical, or an anomalous muscle belly of the FDS to the indicis. During carpal tunnel surgery, attention to anatomical variations is of obvious importance, particularly with respect to the palmar cutaneous nerve and the recurrent branch of the median nerve. Interestingly, considering the incidence of such variations, not many related complications have been reported during endoscopic carpal tunnel release, where many of the variations cannot be seen intraoperatively. Regardless of the approach to carpal tunnel release, it is imperative that plastic surgeons be cognizant of the above variations and be vigilant during carpal tunnel release. 
